The chemical composition and biological activity of cultivated and wild medicinal and aromatic plants from Morocco (Artemisia herba-alba, Lippia citriodora, Mentha pulegium, M. spicata, Myrtus communis, Rosmarinus officinalis, and Thymus satureioides) are described. The essential oils (EOs) of these species have been analyzed by GC-MS. The antifeedant, nematicidal and phytotoxic activities of the EOs were tested on insect pests (Spodoptera littoralis, Myzus persicae and Rhopalosiphum padi), root-knot nematodes (Meloydogine javanica) and plants (Lactuca sativa, Lolium perenne and Lycopersicum esculentum). EOs from A. herba-alba, M. pulegium and R. officinalis were strong antifeedants against S. littoralis, M. persicae and R. padi. EOs from L. citriodora, M. spicata and T. satureioides showed high nematicidal activity. These biological effects are explained by the activity of the major EO components and/or synergistic effects.
Plant essential oils (EOs) are complex mixtures of monoterpenes, sesquiterpenes and aromatic compounds. EOs have antimicrobial, nematicidal, anti-parasite, insecticidal, medicinal and cosmetic applications [1] . EOs can play an important role in crop protection and have been proposed as an environmentally friendly alternative to synthetic pesticides [2] [3] . Since EOs can be extracted from cultivated medicinal aromatic plants (MAP) and do not require further purification, there is an increasing interest in the study of their crop protection properties [1] .
Morocco offers a wide range of indigenous and diversified MAPs belonging to 10 different botanical families with a high rate of endemism [4] [5] ; these are part of the folklore history and household medicine. This study aims to further valorize EOs from cultivated (Artemisia herba-alba Asso, Lippia citriodora Kunth, Mentha pulegium L., M. spicata L., Myrtus communis L., Rosmarinus officinalis L.) and wild (Thymus satureioides Coss.) MAPs from Morocco. Here we report on the chemical composition (GC-MS) of these MAP EOs and their insect antifeedant (Spodoptera littoralis Boisd., Myzus persicae Sulzer and Rhopalosiphum padi L.) and nematicidal activity (Meloydogine javanica (Treub) Chitwood), along with their major components. Additionally, we studied their phytotoxic activity on Lactuca sativa L., Lolium perenne L. and Lycopersicum esculentum Mill. Tables 1-7 show the chemical composition of the essential oils extracted from seven MAPs. Camphor (29.8%) and α-thujone (28.5%) were the major components of A. herba-alba. L. citriodora was characterized by the presence of limonene (35.1%), whereas M. pulegium and M. spicata had pulegone (88.2%) and carvone (71.9%) as main components, respectively. The major constituents of M. communis essential oil were a mixture of 1,8-cineol and limonene (40.9 %) and α-terpinene (21.8%). R. officinalis EO showed 1,8-cineole (48.5%) and α-pinene (14.2%) as major components, while borneol (26.5%) and thymol (14.9%) were the major ones in T. satureioides.
The chemical profiles of the EOs described here are in accordance with previously described compositions for A. herba-alba [5] , L. citriodora [6] , M. pulegium [7] , M. spicata [8] , M. communis [9] and R. officinalis [10] . Borneol / carvacrol chemotypes of wild and cultivated T. satureioides have been reported [11] [12] in contrast to the borneol / thymol type described here. When orally dosed to S. littoralis larvae, EOs from M. pulegium, A. herba-alba and R. officinalis reduced both biomass gain and food ingestion, indicating post-ingestive antifeedant effects without further toxicity (pANCOVA2>0.05) ( Table 9 ). L. citriodora EO reduced the insect biomass gain, but not the ingestion, suggesting post-ingestive toxicity (pANCOVA2<0.05). Thujone reduced both biomass gain and food ingestion, explaining the effect observed for A. herba-alba, while pulegone had a moderate effect on ingestion that did not fully explain the post-ingestive effect observed for M. pulegium EO. Similarly, the lack of post-ingestive activity of the rest of the compounds suggested synergistic effects for the EOs (Table 9 ). The fumigant effect of M. pulegium oils on Sitophilus oryzae has been attributed to the presence of pulegone [7] . Fumigant activity against stored product pests has been reported for the EOs of A. herba-alba [13] , L. citriodora [14] , M. spicata [15] , M. communis [16] and R. officinalis [17] . T. satureioides EO showed larvicidal effects against Culex sp. [18] .
Monoterpenoids act either on the insect nervous system (e.g. GABA receptor) [19] or their physiological functions [20] . The insect response to GABA modulators such as pulegone and thymol observed here (Table 8 ) suggest a GABA-mediated antifeedant action for these compounds. Pulegone has also been reported as a strong antifeedant against chewing [21] and sucking [22] insects, as an insect growth inhibitor [23] and inducing the activity of ecdysone 20-monooxygenase in Spodoptera frugiperda [24] .
The nematicidal effects of the EOs studied are shown in Tables 10  and 11 . Only three essential oils (L. citriodora, M. spicata and T. satureioides) produced high mortality of M. javanica J2 at 1 mg/mL after 72 h exposure. T. satureioides EO was the most effective one with the lowest LC 50 (0.14 mg/mL) and LC 90 values (0.25 mg/mL), followed by M. spicata oil with the strongest effects on J2 mortality at 24, 48 and 72 h ( Table 10 ).
From the main constituents of the active oils, four monoterpenes and four paired mixtures were selected to be tested on M. javanica (Table 11 ). Among these compounds, only thymol was active, causing 100% J2 mortality. The binary terpene mixtures of carvone/limonene and carvone/menthol also exhibited strong mortality effects on M. javanica J2. It is noteworthy that each component alone (carvone, limonene and menthol) showed no nematicidal activity, suggesting a synergistic interaction of these compounds in the EOs. The egg hatchability test (Table 12 ) performed with the active oils indicated that M. spicata and T. satureioides EOs inhibited hatching (≥ 50%), with a relative suppression rate of 61% and 50%, respectively. M. spicata EO strongly suppressed M. javanica egg hatching (82%) after 5 days of incubation, this effect decreased with time after the egg masses were immersed in water. Conversely, the egg hatching inhibition effects of T. satureioides oil were not significant after 5 days of incubation, but increased significantly over time once the egg masses were placed in water. These results confirm that J2 are more sensitive to the effects of EOs than egg masses [3] . Furthermore, the egg hatch inhibition activity could be an indication of the ability of the extract/compound to penetrate the gelatinous matrix and act on nematode eggs.
M. spicata EO has been reported to have in vitro nematicidal effects against M. javanica (J2 mortality and egg hatch tests) [3, 25] . Since carvone lacked nematicidal activity, the effect of M. spicata EO could be attributed to a synergistic interaction of carvone with either limonene or menthol. M. pulegium EO has been reported as nematicidal to M. incognita [26] . This study demonstrates for the first time the nematicidal activity of T. satureioides EO against root-knot nematodes. The strong nematicidal effects of this EO could be attributed to its content in thymol. These results agree with previous findings where thymol showed high nematicidal activity against M. javanica [3, 25] . T. satureioides is an important endemic plant in Morocco and it is widely exported as either a herb or essential oil. The nematicidal activity of T. satureioides oil could significantly increase its commercial value. L. citriodora is native to South America and it is cultivated in North Africa (Morocco). Nematicidal activity has been recorded in vitro for the oil of L. citriodora from Argentina [27] , but this is the first report of its nematicidal effects on M. javanica. Limonene was not active against M. javanica J2, therefore no clear relationships can be established between the EO composition of L. citriodora and its activity. 
Essential oil and extract preparation:
Flowers and leaves of selected species were manually separated from the twigs and then hydrodistilled separately for 3 h in a Clevenger-type apparatus according to the method recommended by the European Pharmacopoeia.
Essential oil analysis: Essential oils were analyzed by GC-MS using an Agilent 6890N gas chromatograph (Agilent Technologies, Palo Alto, California, USA) coupled to an Agilent 5973N mass detector (electron ionization, 70 eV) (Agilent Technologies, Palo Alto, California, USA), equipped with a 25 m x 0.2 mm i.d. HP-1 (methyl polysiloxane, Agilent Technologies) column of 0.25 μm film thickness. Working conditions were as follows: injector temperature, 270ºC; temperature of the transfer line connected to the mass spectrometer, 280ºC; column temperature 70-190ºC, temperature rate 6ºC min -1 . EI mass spectra and retention data (I T ) were used to assess the identity of compounds by comparing their mass spectra with those of standards or found in the Wiley Mass Spectral Database [28] , and their I T values with those listed in [29] . Quantitative data were obtained from the TIC peak areas without the use of response factors. Effect on egg mass hatching: Three sterilized healthy egg masses of nearly uniform size were transferred to a 96-well plate (BD Falcon, San Jose, CA, USA) containing the nematicidal solutions. Egg masses placed in sterilized distilled water with 5% DMSO-Tween solution were used as controls. Each experiment consisted of 4 replicates of treatment and control. The plates were covered to prevent evaporation and incubated in darkness at 25ºC. After 5 days the hatched J2s were counted and the test solutions with sterilized distilled water. The eggs were monitored during 4 weeks, until hatching was complete in the control. Relative hatching percentages (compared with the controls) were calculated.
Phytotoxic activity:
The experiments were conducted with Lactuca sativa cv Teresa (Fito, España), Lycopersicum esculentum and Lolium perenne (Batlle) seeds, as described in [33] . Briefly, 2.5 cm diameter filter paper with 20 µL of the test compound (10 µg/µL for extracts and 5 µg/µL for pure compounds) were placed on 12-well plates (Falcon). Five hundred µL H 2 O/well and 10/5 seeds (L. sativa -L. esculentum/L. perenne presoaked in distilled water for 12 h.) were added and the covered plates placed in a plant growth chamber (25ºC, 70% RH, 16:8 L: D). Germination was monitored for 6 days and the root/leaf length measured at the end of the experiment (25 plantlets randomly selected for each experiment and digitalized with the application ImageJ 1.43, http://imagej.nih.gov/ij/). A non-parametric analysis of variance (ANOVA) was performed on radical length data. Juglone (JU) (5 µg/µL) was included as a positive control [34] .
